INTRODUCTION
Microglia, the resident immune cells and phagocytes of the CNS, are vital for the normal development and function of the healthy brain. Genetic or pharmacological disruption of these cells alters neural circuitry and behavior, and microglial dysfunction has been implicated in both neurodevelopmental and neurodegenerative disease (Estes and McAllister, 2015; Perry et al., 2010; Salter and Stevens, 2017) . Studies have demonstrated that microglia are required for developmental synaptic remodeling and that they interact with and phagocytose synaptic elements in the healthy CNS (Paolicelli et al., 2011; Schafer et al., 2012; Tremblay et al., 2010) . The removal of extranumerary and/or inappropriate synapses that occurs during remodeling is critical for sculpting the precise, organized circuitry found in the adult brain. Microglia must correctly target only those synapses in need of removal; however, how microglia determine which synapses to engulf and which to avoid remains largely unknown.
In the peripheral immune system, professional phagocytes rely on immune molecules to identify pathogens or debris in need of removal, and research suggests that some of these molecules perform a similar function in the brain, potentially denoting inappropriate or unnecessary synapses in need of pruning (Schafer et al., 2012; Stevens et al., 2007) . Among the innate immune molecules implicated in this process are complement cascade components C1q and C3, which are commonly called ''eat me'' signals because they promote phagocytosis by binding to unwanted or harmful material (Elward and Gasque, 2003; Lauber et al., 2004) . In the brain, C1q and C3 localize to developing synapses and promote microglial engulfment of synaptic inputs, a process that requires microglial C3 receptor (CR3) (Schafer et al., 2012; Stevens et al., 2007) . Mice lacking these molecules fail to undergo normal refinement, and knockouts of C1q and CR3 have excess synapses in adulthood (Schafer et al., 2012; Stevens et al., 2007) . Taken together, these data suggest that immune signaling pathways are being repurposed in the CNS to regulate synaptic pruning. In the immune system, another class of molecules, called ''don't eat me'' signals, is essential to counterbalance the effects of ''eat me'' signals. ''Don't eat me'' signals prevent bystander damage during an immune response by protecting healthy ''self'' cells from aberrant engulfment (Elward and Gasque, 2003; Grimsley and Ravichandran, 2003) . These signals have been observed in the developing CNS (Elward and Gasque, 2003) , but it is not known whether they play a protective role during development because their function in the postnatal brain has not been well explored in vivo. Given the highly phagocytic state of microglia and the abundance of C1q and C3 during the pruning period, we hypothesized that ''don't eat me'' signals are required to prevent microglia from aberrantly removing necessary inputs during synaptic refinement. This mechanism could provide protection against non-specific engulfment and promote microglial targeting of specific synapses in conjunction with ''eat me'' signals.
We investigated this hypothesis by focusing on CD47, a ''don't eat me'' signal and self-associated molecular pattern (SAMP) that has been well characterized in the immune system. CD47 is a transmembrane immunoglobulin (Ig) superfamily protein found on cells throughout the body that directly inhibits phagocytosis by binding to its receptor, SIRPa, on macrophages and other professional phagocytes (Okazawa et al., 2005; Oldenborg et al., 2000) . It has also been shown to prevent engulfment of cells opsonized with ''eat me'' signals such as complement, showing that it can override these signals (Oldenborg et al., 2001) . Previous work suggests that CD47 may localize to synapses, but its function at CNS synapses is unknown (Jiang et al., 1999; Mi et al., 2000) . CD47 receptor SIRPa (SHPS-1/CD172a/ P84/BIT/MyD-1) is an Ig superfamily protein expressed by phagocytes in the peripheral immune system that has been observed on microglia and neurons in the CNS (Adams et al., 1998) . Although microglial SIRPa has not been studied in the context of normal brain development, the CD47-SIRPa interaction has been shown to regulate phagocytosis of myelin in an in vitro traumatic axonal injury model (Gitik et al., 2011) . We hypothesize that a similarly conserved CD47-SIRPa interaction prevents aberrant synapse removal during developmental refinement.
In this study, we provide the first evidence that ''don't eat me'' signals are required to prevent excess pruning during postnatal development. We found that CD47 was enriched in the dorsal lateral geniculate nucleus (dLGN) of the thalamus during peak pruning and that its receptor, SIRPa, was highly expressed by microglia during the same period. Mice with a genetic deletion of CD47 displayed increased microglial engulfment of retinal ganglion cell (RGC) inputs, excess pruning, and a sustained reduction in synapse numbers. SIRPa knockouts phenocopied this increased engulfment and had reduced numbers of retinogeniculate synapses, suggesting that the functional interaction of CD47 and SIRPa in preventing aberrant phagocytosis is preserved in the brain during development. Finally, we found that CD47 preferentially localized to more active synapses in wildtype mice and that microglia in CD47 knockout mice do not show the expected preferential engulfment of less active inputs, suggesting that CD47 protects certain synaptic populations from targeting by microglia. Taken together, these data demonstrate that protective signals are critical for normal brain development and prevent aberrant microglial engulfment and excess pruning.
RESULTS

CD47 Is Enriched in the dLGN during Peak Pruning
To determine whether ''don't eat me'' signals are present at the right time and place to affect synaptic pruning, we examined the expression and localization of CD47 in the retinogeniculate system, a classic model for studying developmental synaptic refinement in which microglial engulfment of synaptic inputs has been observed. In this system, RGCs project axons to the dLGN of the thalamus, where they synapse onto relay neurons and establish eye-specific territories during early postnatal development (Guido, 2008; Huberman et al., 2008; Shatz, 1983) .
Immunohistochemistry (IHC) for CD47 revealed an enrichment in the dLGN during peak pruning at postnatal day (P) 5 ( Figures  1A and S1A ), when microglia are highly phagocytic and have been shown to engulf RGC inputs (Schafer et al., 2012) . We confirmed CD47 localization to this region by costaining for vesicular glutamate transporter 2 (Vglut2), a presynaptic marker specific for RGC terminals in the dLGN ( Figure 1B) (Land et al., 2004) . At P10 ( Figure 1A ), CD47 remained elevated in the dLGN compared to other brain regions, but by P30 ( Figure 1A) , when eye-specific segregation is largely complete, it was uniformly localized throughout the neuropil in all brain regions examined, as expected for a ubiquitous protective signal.
We next determined whether CD47 is synaptically localized, which would be required to prevent inappropriate microglial engulfment of synapses. Super-resolution imaging using structured illumination microscopy (SIM) revealed that CD47 colocalized with 25% of RGC synapses in the core region of the P5 dLGN and that it colocalized with pre-and postsynaptic markers Vglut2 and Homer1, respectively (Figures 1C and S1B). Moreover, we observed CD47 in acutely isolated synaptosomes using immunostaining (Figures S6A and S6B) . Consistent with presynaptic localization of CD47 to RGC inputs in the dLGN, fluorescence in situ hybridization (FISH) showed that Cd47 is expressed by cells in the ganglion cell layer (GCL) of the retina that are also positive for neuronal marker neuron-specific enolase (NSE) (Figures 1D and S1C) , which include the presynaptic RGCs that project to the dLGN. Taken together, these results demonstrate that CD47 is localized to synapses and highly enriched in the dLGN during peak pruning, indicating that CD47 is present at the right time and place to regulate microglial engulfment during development.
CD47 Prevents Excess Microglial Engulfment during Postnatal Development
To determine whether CD47 functions as a ''don't eat me'' signal to prevent excess microglial engulfment of RGC inputs, we used our established microglial engulfment assay to quantify phagocytosis of synaptic material in the dLGN of CD47 knockout (CD47KO) mice and wild-type (WT) littermates (Schafer et al., 2012) (Figure 2A ). RGC inputs were labeled with anterograde tracer cholera toxin subunit B (CTB) conjugated to Alexa 594 or 647, and confocal images of dLGN microglia were analyzed using three-dimensional reconstruction to quantify input engulfment. Engulfment was examined at P5, which we previously determined to be the peak of RGC input phagocytosis by microglia (Schafer et al., 2012) . In line with our hypothesis, CD47KOs exhibited a significant increase in microglial engulfment of RGC inputs, with microglia in the CD47KO dLGN engulfing approximately 1.5 times more than the microglia in WT littermates ( Figures 2B and 2C ). This phenotype was not due to an increased number of inputs innervating the CD47KO dLGN, because three-dimensional reconstruction of CTB-labeled RGC inputs revealed a similar volume of inputs in all fields imaged in knockout (KO) and WT littermates ( Figure S2C ).
Despite this increase in engulfment, microglia in the dLGN of CD47KOs did not appear dramatically different from those in the dLGN of WT littermates. The number of microglia within the dLGN at P5 was similar between CD47KO and WT littermates ( Figure S2A ). Furthermore, the KO and WT microglia analyzed for engulfment analysis were indistinguishable based on their average three-dimensional cell volume, calculated using Imaris software ( Figure S2B ). These data indicate that microglia in the CD47KO dLGN engulf more retinogeniculate inputs during peak pruning but are otherwise grossly similar to those in WT littermates. Taken together, our findings suggest that CD47 is required to inhibit excess microglia-mediated pruning and that increased engulfment results not from broad changes in microglial number or volume but rather from loss of local ''don't eat me'' signaling to microglia at the synapse.
CD47KO Mice Have Fewer Synapses and Increased Pruning in the dLGN
To address the potential consequences of excess microglial engulfment of RGC inputs, we investigated whether CD47KOs had altered synapse numbers, as a decrease in synapse numbers would be expected if CD47 is required to protect them from inappropriate removal. To evaluate this, we analyzed confocal images of IHC for RGC presynaptic marker Vglut2 and postsynaptic marker Homer1 to quantify the number of synapses, represented by colocalized puncta in the core region of the dLGN in P10 CD47KO and WT littermates (Krahe and Guido, 2011) . CD47KOs had 20% fewer dLGN synapses than their WT littermates at P10 (Figures 3C and 3D) but similar numbers of synapses as their WT littermates at P5 ( Figures 3A and 3B) , Figure 1 . CD47 Is Expressed by RGCs, Localized to dLGN Synapses, and Enriched in the dLGN during Pruning (A) Representative 103 magnification mosaics of P5, P10, and P30 wild-type (WT) coronal sections. CD47 is enriched in the dLGN (arrow) during peak pruning at P5 and P10 but evenly distributed throughout the brain at P30. Scale bar, 500 mm. (B) CD47 (left) is highly enriched in the dLGN during pruning, similar to Vglut2 (right), a marker of retinogeniculate synapses. Scale bar, 50 mm. (C) Orthogonal views of CD47 (red), presynaptic Vglut2 (green), and postsynaptic Homer1 (blue) staining in P5, P10, and P30 dLGN captured using structured illumination microscopy (SIM, upper panels). Images show examples of CD47 colocalization with RGC synapses (defined as presynaptic Vglut2 and postsynaptic Homer1 puncta that exist within 300 nm of each other). Scale bar, 0.5 mm. Lower-magnification, single-plane (z depth, 0.101 mm) SIM images of P5, P10, and P30 WT dLGN show that CD47 (red) colocalizes with both presynaptic (Vglut2, green) and postsynaptic (Homer1, blue) puncta during pruning (lower panels). Examples of synapses colocalized with CD47 are circled. Scale bar, 2 mm. (D) Representative fluorescence in situ hybridization (FISH) 203 (top) and 633 (middle and bottom) images of Cd47 and neuron-specific enolase (NSE, a general neuronal marker) in the P5 retina. Cd47 is expressed in neuronal layers of the retina, including the ganglion cell layer (GCL) that projects presynaptic inputs to the LGN (top). Scale bar, 50 mm. In the GCL (middle and bottom images), the Cd47 signal is present in cells (nuclei labeled with DAPI, blue) that are also positive for neuronal marker NSE. The bottom image provides a higher-magnification view of the GCL. Scale bar, 10 mm.
indicating that synapse numbers are initially comparable and decrease in CD47KOs as retinogeniculate pruning proceeds. The size of this reduction also correlates with the percentage of RGC synapses labeled with CD47 in WT mice ( Figure S1B ), suggesting that presence of CD47 helps to specifically protect this synaptic population.
Consistent with a reduction in retinogeniculate synapse numbers, CD47KO mice exhibited aberrant synaptic refinement. One of the earliest events to occur during retinogeniculate refinement is the formation of eye-specific territories, which is commonly assessed at P10. During typical refinement, inputs from the left and right eyes overlap in the dLGN when pruning is initiated at P5, yet only five days later, at P10, inputs are segregated into distinct eye-specific territories with minimal overlap at the border of the ipsilateral and contralateral regions (Godement et al., 1984; Jaubert-Miazza et al., 2005; Shatz, 1983) . We previously showed that microglial engulfment of dLGN inputs correlates with the timing of this process, with high levels of engulfment at P5 that are greatly reduced by P9 (Schafer et al., 2012) .
To examine whether increased engulfment could alter this aspect of refinement, we assayed eye-specific segregation in the dLGN of P10 CD47KO and WT littermates. We found a small but significant decrease in overlap between ipsilateral and contralateral territories ( Figures S3A-S3E ), suggesting an overpruning or hyper-refinement phenotype. In line with this, the ipsilateral territory occupied a significantly smaller percentage of the dLGN area in CD47KOs than in WT littermates. This result was not caused by differences in retinal neuron numbers, as numbers of TUJ-1+ and DAPI+ cells were comparable in KO and WT retinas ( Figures S3F and S3G ). Furthermore, as stated above, a similar volume of CTB-labeled inputs innervate the dLGN in P5 CD47KO and WT littermates ( Figure S2C ) and a similar number of synapses are initially formed ( Figures 3A and 3B) ; thus, these data are unlikely to reflect a failure of RGC outgrowth. Taken together, these findings suggest that loss of CD47 leads to overpruning and reduced synapse numbers during development, a potential consequence of increased microglial engulfment. Representative three-dimensional reconstructions of P5 WT (left) and CD47KO (right) littermate microglia (green) with internalized CTBlabeled inputs (red and blue). Grid line increments = 5 mm. (C) Graph depicting the average percentage of microglia volume occupied by CTB-labeled material in microglia from the dLGN of CD47KO mice and WT littermates (% engulfment), n = 6 WT and 7 CD47KO mice. *p < 0.02, unpaired t test. Error bars represent SEM.
These findings are the opposite of what we observed in previous studies in mice lacking the ''eat me'' signals C1q and C3 (Schafer et al., 2012; Stevens et al., 2007) . These phenotypes could represent either an acceleration of the normal pruning process or the removal of too many RGC synapses, as retinogeniculate refinement does not reach completion until approximately two months of age (Hong et al., 2014) . To differentiate between these options, we quantified the number of dLGN synapses in two-month-old mice, by which point retinogeniculate pruning has been completed. If the P10 phenotype were due to accelerated pruning, we would expect synapse numbers to equalize between KO and WT by adulthood. However, we found that the reduction in synapse numbers persisted into adulthood and that the phenotype was more robust at P60 (Figures 3E and 3F) . Consistent with these data, western blot analysis for synaptic proteins in dLGN samples from twomonth-old mice revealed a decrease in Vglut2 protein levels in CD47KOs, further indicating a decrease in retinogeniculate synapses ( Figures 3I and 3J ). This difference was not observed in corticogeniculate synapses (Vglut1 positive) using either approach (Figures 3G, 3H, 3K, and 3L) . Taken together, these data suggest that loss of the protective signal CD47 leads to excess presynaptic pruning of specific populations of synapses.
To investigate whether these data correspond to functional overpruning in the dLGN of mature CD47KOs, we used an established dLGN slice preparation assay to assess retinogeniculate convergence in P60 CD47KO and WT littermates (Chen and Regehr, 2000; Hooks and Chen, 2006) . Stimulating the optic tract at minimal intensities permits the evaluation of single-fiber inputs, whereas high-intensity stimulation gives an estimate of maximal retinogeniculate synaptic drive to the cell. We found no effect of loss of CD47 on the average peak excitatory postsynaptic current (EPSC) amplitude of single-retinogeniculate inputs, suggesting that normal input strengthening is intact in these animals ( Figures S4A and S4B ). However, P60 CD47KOs displayed a significant reduction in maximal NMDA receptor (NMDAR) current ( Figures 4A and 4B ), consistent with a reduction in overall number of retinal inputs onto dLGN relay neurons, and a reduction in NMDAR1 levels in western blot analysis of microdissected dLGN from P60 CD47KOs compared to that from WT littermates (B) Graph depicting the percentage of retinogeniculate (RGC) synapses in P5 CD47KO mice relative to that seen in WT littermate controls, n = 5 WT and 6 CD47KO mice. Not significant (NS), unpaired t test. (C) Representative 633 confocal images of synaptic staining for retinogeniculate presynaptic marker Vglut2 (green) and postsynaptic marker Homer1 (red) in P10 WT (left) and CD47KO (right) dLGN. Scale bars, 5 mm.
(legend continued on next page) ( Figure 4D ). The median maximal a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor (AMPAR) currents were also reduced in KOs, although this decrease was not significant. To estimate the average number of RGC inputs converging onto dLGN relay neurons, we computed the fiber fraction by dividing the amplitude of single-fiber currents by the maximal current amplitude for each cell (for both AMPAR and NMDAR) (see STAR Methods) ( Figure 4C ). The average fiber fraction was higher in P60 CD47KOs, indicating fewer afferent RGC inputs onto dLGN relay neurons in CD47KOs than in control littermates, in line with our IHC and western blot results and demonstrating reduced Vglut2+ synapses ( Figures 3E, 3F , 3I, and 3J). Taken together, these data show that CD47KO mice exhibit increased pruning and reduced synapse numbers that are maintained into adulthood.
CD47 Inhibits Excess Microglial Phagocytosis by Interacting with SIRPa
In the peripheral immune system, CD47 inhibits inappropriate phagocytosis of healthy self cells by binding to its receptor on phagocytes, SIRPa (Okazawa et al., 2005; Oldenborg et al., 2000) . To determine whether a similar mechanism regulates CNS synaptic refinement, we first determined whether Sirpa was expressed by microglia in the dLGN. FISH for Sirpa revealed high expression by microglia (labeled by Iba-1) in the developing dLGN during peak pruning at both P5 and P10 compared to low expression by neurons (labeled by NSE) ( Figures 5A and S5A ). By P30, Sirpa appeared to be primarily expressed by neurons, with little to no signal associated with microglia ( Figures 5A and S5A ). Immunostaining for SIRPa and microglia marker CD11b yielded similar findings ( Figure S5E ). These data were confirmed by qPCR on acutely isolated microglia from P5, P10, and P30 WT brains, which showed high Sirpa expression during early development that declined greatly by P30, by which point refinement has begun to slow ( Figure 5B ), in contrast to global Sirpa levels in whole-brain samples, which were relatively stable throughout development ( Figure S5C ).
To compare microglial and neuronal Sirpa expression more directly, we performed qPCR analyses on acutely isolated microglia and purified RGCs from P5 mice and found that microglial Sirpa was approximately 12-fold higher ( Figure 5C ), in agreement with RNA sequencing studies (Zhang et al., 2014) . In addi-tion, we used flow cytometry to measure surface SIRPa levels on microglia and assess whether the amount of protein available to bind CD47 changed across development. In line with our FISH and qPCR data, we found that surface SIRPa levels were highest at P5 and decreased as pruning neared completion (Figures 5D, 5E, and S5D). Taken together, these data indicate that microglial and neuronal SIRPa are differentially regulated and that microglial SIRPa likely executes its primary function during the peak of the developmental pruning period. The correspondence between the peak of microglial Sirpa expression and that of Cd47 expression by RGCs and enrichment in the dLGN at P5 supports the hypothesis that neuronal CD47 and microglial SIRPa interact during brain development to protect synapses from excess pruning.
To determine whether the CD47-SIRPa interaction prevents excess pruning during development, we performed engulfment analysis on SIRPa KO (SIRPaKO) and WT littermates at P5. SIR-PaKOs phenocopied the CD47KO engulfment phenotype, with a significant increase in engulfment in the dLGN during the pruning period (Figures 5F and 5G) . Microglia in the SIRPaKO dLGN did not appear to be grossly different from those in WT littermates and were present in similar numbers with comparable average three-dimensional cell volumes ( Figures S5F and S5G ), suggesting that increased engulfment was due to loss of SIRPa signaling, not an indirect effect of major changes in microglial number or volume.
To address whether increased engulfment of RGC inputs could be due to loss of microglial SIRPa or instead caused indirectly by loss of neuronal SIRPa, we examined phagocytosis of synaptic material in a system in which we could directly evaluate the function of microglial SIRPa. We adapted an established in vitro synaptosome engulfment assay (Chung et al., 2013) to quantify the engulfment of pHrodo-conjugated synaptosomes by cultured microglia isolated from P5 SIRPaKO and WT littermates. RNA sequencing (RNA-seq) studies have shown that in this culture paradigm, Sirpa expression in WT microglia is comparable to that seen in freshly isolated cells (Bohlen et al., 2017) . When fed synaptosomes from WT mice, SIRPaKO microglia engulfed more than WT microglia ( Figures 6A and 6B ), consistent with our in vivo findings (Figures 5F and 5G) . Engulfment was increased to the same level when SIRPaKO and WT microglia were incubated with (D) Graph depicting the percentage of RGC synapses in P10 CD47KO mice relative to that seen in WT littermate controls, n = 6 WT and 5 CD47KO mice. *p < 0.04, unpaired t test. Unlike at P5, P10 CD47KOs have significantly reduced numbers of RGC synapses. (E) Representative 633 confocal images of synaptic staining for Vglut2 (green) and Homer1 (red) in P60 WT (left) and CD47KO (right) dLGN. Scale bars, 5 mm. (F) Graph depicting the percentage of RGC synapses in P60 CD47KO mice relative to that seen in WT littermate controls, n = 5 WT and 5 CD47KO mice. **p < 0.01, one-sample t test. P60 CD47KOs have a sustained reduction in RGC numbers. (G) Representative 633 confocal images of synaptic staining for corticogeniculate presynaptic marker Vglut1 (green) and postsynaptic marker Homer1 (red) in P60 WT (left) and CD47KO (right) dLGN. Scale bars, 5 mm. synaptosomes from CD47KO mice ( Figures 6A and 6B ), in agreement with our in vivo observation that CD47 is necessary to inhibit inappropriate phagocytosis ( Figures 2B and 2C ). In addition, SIRPaKO microglia did not engulf more CD47KO synaptosomes than they did WT synaptosomes (Figures 6A and 6B) , indicating that SIRPa is likely the primary microglial CD47 receptor. These data indicate that CD47 serves as a ''don't eat me'' signal on synaptosomes to inhibit microglial SIRPa-mediated phagocytosis in vitro and suggest, together with our FISH and flow cytometry data, that it is likely the loss of microglial SIRPa that leads to increased engulfment in vivo.
One unanswered question is whether signaling between CD47 and SIRPa functions to dampen the overall engulfment capacity of microglia or acts as an instructive cue to enable microglia to identify and reduce their engulfment of specific synaptic material. To address this question, we used our in vitro assay to quantify microglial engulfment of a mixed population of CD47KO and WT synaptosomes. Synaptosomes from WT and CD47KO mice were labeled with different pHrodo dyes and subsequently mixed in equal amounts before being added to cultured WT microglia ( Figure S6D ). Quantifying the engulfment of both labeled populations showed that even when exposed to this mixed population, microglia continued to preferentially engulf CD47KO synaptosomes ( Figures 6C, 6D , and S6C). KO synaptosomes were more highly engulfed than WT synaptosomes when conjugated with either color of pHrodo ( Figure 6D) , demonstrating that the effect we observed was not due to variance in the behavior of the pHrodo dyes. In sum, these data indicate that CD47-SIRPa signaling enables microglia to distinguish between different synapses based on the presence or absence of extracellular CD47 protein and adjust their phagocytic response accordingly, rather than non-specifically dampening the engulfment capacity of all microglia.
Finally, to determine whether SIRPaKO mice have a reduced number of retinogeniculate synapses, as observed in CD47KO mice, we conducted synaptic quantification in the dLGN of P10 SIRPaKO mice and WT littermate controls. We found that RGC synapse numbers were reduced by 25% in the SIRPaKOs (Figures 5H and 5I ), again phenocopying our observations in the CD47KOs and suggesting that increased engulfment leads to a reduction in synapse numbers. Taken together, these data indicate that SIRPa function in the developing brain parallels SIRPa function in the immune system in that it acts as a ''don't eat me'' signal to protect against excess microglia-mediated pruning and loss of RGC synapses during synaptic refinement in the developing dLGN.
CD47 Preferentially Localizes to More Active Synapses and Is Required for Activity-Dependent Microglial Engulfment Neural activity is known to regulate synaptic refinement, and blocking or disrupting neural activity has been shown to alter the outcome of the refinement process in many regions, including the retinogeniculate system (Butts et al., 2007; Penn et al., 1998; Shatz and Stryker, 1988; Sretavan et al., 1988; Stellwagen and Shatz, 2002) . We previously demonstrated that microglia preferentially engulf less active inputs in the dLGN when a difference in activity is established between the two eyes. However, the signals microglia interpret to differentiate between synapses with different levels of activity are unknown (Schafer et al., 2012) . We hypothesized that CD47 could convey activity-related information to microglia via a change in localization based on previous work in which CD47 was observed shielding the entire surface of healthy cells but found to relocalize into discrete patches on the membranes of apoptotic cells (Gardai et al., 2005) . This relocalization is thought to facilitate phagocytosis by revealing the unprotected cell membrane to nearby phagocytes. An activity-regulated decrease in CD47 at less active synapses could similarly expose synaptic membrane to enable engulfment of specific inputs by microglia.
To investigate whether activity-dependent changes in CD47 synaptic localization could underlie specific synapse removal, we employed an established method to create an artificial competition between the two eyes by using tetrodotoxin (TTX) to suppress neuronal activity in one eye (Schafer et al., 2012) . P4 WT mice received intraocular injections of CTB-594 and CTB-647 in the left and right eyes, respectively, and at P5, either the left or the right eye was injected with saline while the remaining eye was injected with TTX. After TTX-induced activity suppression was confirmed in the retina using IHC for immediate early gene Arc (see STAR Methods), we performed SIM on immunostained medial dLGN sections to assess colocalization of CD47 with CTB-labeled inputs from each eye ( Figure 7A ). Images of the ipsilateral patch from both the left and the right dLGN were analyzed to confirm that similar changes in colocalization could be observed in both the ipsilateral and the contralateral projections of the TTX-injected eye, as past studies have shown corresponding changes in refinement in both dLGN when activity is manipulated in one eye (Penn et al., 1998; Stellwagen and Shatz, 2002) . We observed that CD47 was preferentially localized to the inputs from the more active (saline-treated) eye, suggesting either potential degradation or relocalization away or loss from less active (TTX treated) inputs ( Figures 7B  and 7C ). Furthermore, this relationship between treatment and CD47 localization only applied to the presynaptic sites of RGC axon arbors; treatment did not affect CD47 localization to RGC axon shafts in the optic tract ( Figure 7D ). This finding is in keep-ing with other studies showing that during periods of functional synapse elimination, the axon skeleton, including total or average segment length, number of segments, branch points, or branch order of arbors, is relatively unchanged (Chen and Regehr, 2000; Hooks and Chen, 2006; Hong et al., 2014) . Taken together, these data suggest that CD47 could be lost from less active synapses, thereby enabling microglia to engulf them while continuing to protect more active inputs.
To determine whether activity-dependent changes in CD47 localization have a functional impact on microglial engulfment, we investigated whether preferential engulfment of less active RGC inputs can still be observed in CD47KO mice. To address this question, we adopted an approach similar to that employed in Schafer et al. (2012) , in which TTX was injected into one eye of a P4 mouse while an equivalent volume of saline was injected into the other eye. After a period of recovery, Alexa Fluor-conjugated CTB tracers were injected into the eyes to label RGC inputs. Mice were sacrificed the following day, and the brain was harvested for imaging and analysis ( Figure 8A) . Analysis was performed by comparing the engulfment of TTX-and saline-treated (B) SIRPaKO microglia engulf significantly more synaptosomes than WT microglia, and WT microglia engulf significantly more CD47KO synaptosomes than WT synaptosomes. Feeding CD47KO synaptosomes to SIRPaKO microglia does not have an additive effect, n = 5 experiments. ***p < 0.0004, one-way ANOVA with WT, WT versus SIRPaKO, CD47 WT; ***p < 0.0004, with WT, WT versus SIRPa WT, CD47KO, and WT, WT versus SIRPaKO, CD47KO; **p < 0.007 via Tukey's multiple comparison test. All error bars represent SEM. (C) Representative images of cultured WT microglia (labeled with CX3CR1) engulfing a 1:1 mixed population of WT:CD47KO synaptosomes conjugated with either pHrodo red or pHrodo green. Note the increased amount of CD47KO synaptosomes engulfed relative to WT synaptosomes regardless of the pHrodo color used. (D) Graph depicting the fraction of synaptosomes engulfed for every combination of pHrodo color and genotype. CD47KO synaptosomes conjugated with either pHrodo green or pHrodo red show a significantly higher fraction engulfment than WT synaptosomes of the same color, n = 8 independent experiments. ***p < 0.0004, two-way ANOVA shows that genotype is a significant source of variation with WT pHrodo green versus CD47KO pHrodo green; **p < 0.001, with WT pHrodo red versus CD47KO pHrodo red; **p < 0.004 via Tukey's multiple comparison test. For (A) and (B), the genotype of the microglia is listed first and the genotype of synaptosomes is written or underlined in red.
inputs within the ipsilateral patch of 4 dLGN sections per mouse, with percentage engulfment normalized to input density to account for variations in position within the ipsilateral patch. We found that as reported in Schafer et al. (2012) , TTX-treated inputs were preferentially engulfed by microglia in WT mice (Figures 8B and 8D) . In contrast, in CD47KO mice, both TTX-and salinetreated inputs were engulfed to a similar extent ( Figures 8C  and 8E ), indicating that microglia could not distinguish between inputs with different levels of neuronal activity. Taken together, these results demonstrate that CD47 localization on RGC inputs is regulated by neuronal activity and suggest that CD47 functions as a necessary molecular cue to protect more active inputs and enable microglia to selectively engulf less active inputs.
DISCUSSION
Microglia play a key role in sculpting developing synaptic circuits, a process critical for establishing precise synaptic connectivity, but the molecular mechanisms that direct them to target specific synapses for removal are largely unknown. Here, we demonstrated that protective mechanisms play an essential role in synaptic refinement and prevent excess synaptic pruning during development. We identified ''don't eat me'' signal CD47 and its receptor, SIRPa, as negative regulators of microgliamediated pruning and found that their functions during brain development parallel their functions in the immune system. CD47 was enriched in the developing visual thalamus during peak pruning, when it was required to prevent excess microglial engulfment, overpruning, and loss of dLGN synapses. These results appear to reflect excess synaptic pruning rather than accelerated pruning, because two-month-old CD47KO mice showed a persistent reduction in synapse numbers and exhibited an increased fiber fraction. CD47 receptor, SIRPa, was highly expressed by microglia during peak pruning, and SIRPa-deficient mice phenocopied the increased engulfment and reduced synapse numbers observed in CD47KOs. Using an in vitro engulfment assay, we confirmed that microglial SIRPa detects synaptically localized CD47 and found that CD47 acts as an instructive cue to regulate microglial engulfment on a synapse by synapse basis. Finally, we demonstrated that CD47 is preferentially localized to more active inputs in vivo and is required for normal activity-dependent microglial engulfment. Taken together, these data indicate that synaptic protection is a key regulatory mechanism in CNS development and suggest that strategies used to identify and protect self cells in the immune system are similarly used in the brain to protect necessary synaptic connections.
CD47-SIRPa Signaling Plays a Conserved Role in the Developing Brain
Work in the mouse retinogeniculate system has begun to elucidate molecular mechanisms regulating synaptic refinement, and most of the molecules implicated in this process are immune or immune related, including major histocompatibility complex class I (MHC class I) molecules, neuronal pentraxins, complement proteins C1q and C3, and complement receptor 3 (CR3), which is expressed by microglia ( (C) Quantification of the percentage of inputs colocalized with CD47 demonstrates that CD47 colocalizes more with saline-treated inputs (more active) than TTX-treated inputs (less active), n = 7 mice. *p < 0.05, paired t test. (D) Quantification of the percentage of axonal material that colocalizes with CD47 in the optic tract. TTX treatment does not affect CD47 localization to axons, n = 5 mice. NS, paired t test. Huh et al., 2000; Schafer et al., 2012; Stevens et al., 2007) . In all cases, mice deficient in these molecules fail to prune and refine retinogeniculate synapses, resulting in a sustained increase in synapses and, in some cases, cortical hyper-connectivity (Chu et al., 2010; Ma et al., 2013) .
Although the existence of negative regulators of synaptic pruning has been speculated, CD47 is the first example of a protective molecule that inhibits inappropriate pruning in the visual system. In contrast to complement KOs, CD47-deficient mice exhibited excess synaptic pruning, resulting in a sustained decrease in synaptic connectivity. The identification of CD47-SIRPa signaling as a negative regulator emphasizes the importance of immune molecules in developmental refinement and broadens our understanding of this process in two ways. First, it helps establish a new model of synaptic refinement that shares many common mechanisms with self versus non-self discrimination in the immune system. Second, it demonstrates that protection is necessary to prevent inappropriate removal of wanted synapses, much like preventing bystander damage during an immune response.
The major challenge facing the immune system is how to remove or destroy apoptotic cells, pathogens, and non-self material without aberrantly removing or harming healthy cells. Interplay between ''eat me'' and ''don't eat me'' signals, such as complement and CD47, instructs phagocytes in the immune system as to what to engulf (Elward and Gasque, 2003; Grimsley and Ravichandran, 2003) . As both types of signals are present (B and C) Representative three-dimensional reconstructions of P5 WT (B) and CD47KO (C) microglia (green) with internalized CTB-labeled RGC inputs (red and blue) from either the TTX-treated or the saline-treated eye. In the WT microglial cell, there are more engulfed inputs from the TTXtreated eye, but in the CD47KO microglial cell, a similar amount of engulfed material from both eyes is present. Grid line increments = 5 mm. (D) Graph showing that microglia in the dLGN of WT mice engulfed more CTB-labeled material (volume engulfed CTB/volume of the cell) from the TTX-treated eye than the saline-treated eye, n = 9. *p < 0.02, paired t test. (E) Graph showing that microglia in the dLGN of CD47KO mice engulfed a similar amount of CTBlabeled material from the TTX-treated eye as they did from the saline-treated eye, n = 6. NS, paired t test.
in the developing CNS, we hypothesize that similar mechanisms drive selective microglia-mediated synaptic pruning. Previous studies in the CNS showed that complement proteins C1q and C3 associate with subsets of synapses and are required for the engulfment of synaptic inputs; however, engulfment was only reduced by approximately 50% in C1q-and C3-deficient mice, suggesting the possibility of engulfment that occurs independent of instructive cues (Schafer et al., 2012; Stevens et al., 2007) . Furthermore, microglia seem to target specific structures in the dLGN, as electron microscopy and high-resolution imaging only detected microglial engulfment of presynaptic inputs, not axonal arbors or postsynaptic elements (Schafer et al., 2012) . Taken together, these data suggest that necessary synapses and parts of neurons may need to be protected from non-specific engulfment during development, just as healthy cells are protected from bystander damage by ''don't eat me'' signals during an immune response. We propose that CD47 acts as a brake on non-specific engulfment during a period in which microglia are highly phagocytic.
CD47 Regulates Pruning of Specific Inputs in an Activity-Dependent Manner
Neuronal activity plays a key role in synaptic refinement in many systems, as inputs that exhibit normal patterns of activity are able to outcompete those in which activity has been blocked or disrupted (Okawa et al., 2014; Stellwagen and Shatz, 2002) . Microglia preferentially engulf less active inputs in the retinogeniculate system (Schafer et al., 2012) , indicating that they can differentiate among inputs with varying levels of neuronal activity. However, cues that guide this activity-dependent engulfment have remained unknown.
We propose that CD47 is one such cue. When we induced activity-dependent competition between the left and the right eyes by injecting TTX into one eye and saline into the other, CD47 colocalized with fewer inputs from the TTX-injected eye than it did with inputs from the saline-injected eye, demonstrating an activity-dependent change in its localization. In addition, microglia failed to preferentially engulf less active inputs when activity-dependent competition was induced in CD47KO mice, suggesting that CD47 is required for microglia to discriminate between more and less active inputs. Further work is needed to determine whether the change in CD47 localization is driven by CD47 relocalization to another part of the cell, as has been observed in cells undergoing apoptosis (Nilsson and Oldenborg, 2009) , or by removal from the synapse via a different mechanism. Local, activity-dependent relocalization of other synaptic proteins, such as NMDARs and Homer1, has been observed at other synapses, suggesting that relocalization is used to regulate signaling in the nervous system (Barria and Malinow, 2002; Diering et al., 2017; Heynen et al., 2000) . Alternatively, changes in CD47 localization could result from internalization, uptake by neighboring cells (Kusakari et al., 2008) , or cleavage (Maile et al., 2009) . Our data suggest a model in which ''don't eat me'' signal CD47 is retained at more active synapses to protect them from aberrant microglial engulfment and lost from less active synapses, thereby exposing cell membrane that could express or bind molecules that lead to phagocytosis, such as complement.
Given that both ''eat me'' and ''don't eat me'' signals appear to be required for normal refinement, future studies will focus on investigating how these molecules localize relative to one another and how that might affect engulfment. Determining whether ''eat me'' signals, such as complement, are regulated by neuronal activity is needed to address this question. One possibility is that complement could preferentially bind to less active synapses, leading to removal of synapses that are associated with complement and lack CD47. Alternatively, secreted complement proteins could come into contact with many synapses but be prevented from promoting engulfment at synapses containing CD47. Consistent with this idea, CD47 can inhibit phagocytosis of complement-opsonized red blood cells by SIRPa-expressing macrophages in vitro (Oldenborg et al., 2001 ). The immune system also employs various ''eat me'' and ''don't eat me'' signals that work in concert, some of which have been observed in the brain (Elward and Gasque, 2003) . Therefore, models will have to evolve if additional ''eat me'' and ''don't eat me'' signals are found to play a role in pruning.
Activity-dependent regulation of CD47 may help microglia target individual synapses, but CD47 also appears to regulate the pruning of specific types of synapses on a population level. We found that Vglut2-positive retinogeniculate synapses were reduced in the dLGN of CD47KO mice, whereas corticogeniculate synapses were unaffected. This may be due to the time at which these two types of inputs innervate the LGN, because retinogeniculate inputs reach the LGN before birth and corticogeniculate inputs only fully innervate at P12 (Jacobs et al., 2007; Seabrook et al., 2013) . By the time corticogeniculate inputs are present, levels of CD47 and microglial SIRPa have already begun to decline in the dLGN. It is not yet known whether corticogeniculate synapses undergo pruning, but if so, it is likely mediated by different molecular mechanisms. However, the increase in CD47 levels that occurs throughout the brain during development may be relevant for the microglia-related remodeling and plasticity that happens in other brain regions at later time points (Paolicelli et al., 2011; Tremblay et al., 2010) , which will require further investigation.
This study also raises questions about the specialized roles of microglial and neuronal SIRPa during development. Given that we found SIRPa was developmentally regulated in microglia and required to prevent excess engulfment, and given the known function of CD47-SIRPa binding in immune phagocytes, we propose that CD47 regulates engulfment via interaction with microglial SIRPa. However, this does not rule out an indirect effect of neuronal SIRPa. SIRPa has been shown to regulate synaptic maturation in the hippocampus during development (Toth et al., 2013) . This function was assumed to be mediated by neuronal SIRPa, although microglia have been shown to regulate hippocampal maturation during the same period (Paolicelli et al., 2011) . Future studies using cell type-specific KOs are needed to determine the relative contribution of microglial SIRPa and neuronal SIRPa to synaptic refinement throughout the developing brain.
Functional and Behavioral Consequences of Disrupted CD47-SIRPa Signaling
As in the immune system, we found that a balance of opposing factors is required for microglia to function optimally and remodel synapses appropriately. Accordingly, dysregulation of immune pathways that control microglial pruning could disrupt synaptic connectivity and contribute to the phenotypes observed in neurodevelopmental and neuropsychiatric disorders, such as autism spectrum disorder (ASD) and schizophrenia. Immune molecules have been implicated in these disorders in multiple studies using human patients (Gardiner et al., 2013; Voineagu et al., 2011; Xu et al., 2012) , and a human genetics study found an association between variation in complement component C4 and risk of developing schizophrenia (Sekar et al., 2016) . Furthermore, mice lacking the microglial receptor for the chemokine fractalkine have deficits in synaptic maturation and display reduced connectivity between brain regions in fMRI-blood-oxygen-level-dependent (BOLD) imaging, a phenotype that has also been observed in patients with ASD and schizophrenia (Paolicelli et al., 2011; Zhan et al., 2014) . A few studies even implicate CD47 in developmental psychopathology, including a murine study that used maternal immune activation and postpubertal stress to model increased risk of developing neuropsychiatric disorders and observed behavioral abnormalities and dysregulation of CD47 and SIRPa (Giovanoli et al., 2013) . In addition, the CD47KO mouse has defects in prepulse inhibition and social interactions, which are considered schizophrenia-relevant phenotypes (Koshimizu et al., 2014) .
Our results also have implications for neurodegenerative diseases. New evidence suggests that immune-related developmental pruning mechanisms, including complement and MHC class I, are reactivated during the early stages of disease progression in the adult brain, leading to synapse loss and dysfunction in models of Alzheimer's disease and other neurodegenerative diseases (Hong et al., 2016; Kim et al., 2013) . Conversely, a reduction in CD47 has been observed in patients with multiple sclerosis (Han et al., 2012; Koning et al., 2007) . A combined upregulation of ''eat me'' signals and downregulation of ''don't eat me'' signals in these diseases could promote aberrant microglial phagocytosis in the absence of molecular brakes and contribute to synaptic abnormalities.
Our findings are the first to demonstrate that synaptic protection is necessary to ensure normal circuit development. We show that ''don't eat me'' signals CD47 and SIRPa inhibit aberrant microglial phagocytosis and prevent excess pruning, using their known immune interaction to regulate a key aspect of neuronal development. Together with our previous work, these data suggest that microglia-mediated pruning depends on a balance of ''eat me'' and ''don't eat me'' instructive signals. Understanding the consequences of disrupting this balance may provide insight into disorders characterized by immune dysregulation and synaptic circuit abnormalities.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: 
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STAR+METHODS KEY RESOURCES
Eye-specific segregation analysis
Mice were anesthetized with inhalant isofluorane and given intraocular injections of cholera toxin subunit B (CTB) conjugated to Alexa 488 (green) (ThermoFisher Scientific (C-34775)) in the right eye and Alexa 594 (red) (ThermoFisher Scientific (C-22842)) in the left eye as described (Bjartmar et al., 2006) . Mice were sacrificed the day after injection and tissue was processed and analyzed as previously described using the multi-threshold quantitative method and ImageJ software to calculate the degree of binocular overlap (Jaubert-Miazza et al., 2005 , Stevens et al., 2007 . This technique is designed to compare overlap across a range of signal-noise values in WT versus transgenic mice. Images were selected for analysis and thresholded blind to genotype. Only age-matched littermate controls with complete dLGN dye fills were used with at least 7 animals of each genotype examined and at least 4 images from both the left and right dLGN were analyzed per animal. An unpaired t test was used to compare the degree of overlap in CD47KO and WT littermate controls at each threshold level.
Engulfment analysis
Mice were injected with anterograde tracers (CTB-594 and CTB-647, ThermoFisher Scientific (C-22842, C-34778) in the left and right eyes, respectively, at P4 and their brains were harvested 24 hr later at P5 using the same methods as for immunohistochemistry. Brains were sectioned on the sliding microtome and 40 mm sections were stained for Iba-1. For each animal, two sections of medial dLGN were imaged and only dLGN with complete dye fills were used for analysis. Images were acquired on a spinning disk confocal microscope at 60X with 0.2 mm z-steps. For each dLGN, at least 4 cells were imaged in the ipsilateral territory and at least 4 cells were imaged in the contralateral territory (minimum 8 cells per dLGN, 16 cells per animal). Images were processed and analyzed as described previously (Schafer et al., 2012) . Data were used to calculate percent engulfment (volume engulfed CTB/volume of the cell), average cell volume, and input density (total volume CTB inputs/volume of field of view). All experiments were performed blind to genotype.
qPCR Whole brains and retinas were collected from PBS-perfused mice and flash frozen. Microglia were collected as described below. Whole brain was manually homogenized and RNA was isolated using phenol chloroform extraction, while other cell and tissue RNA was collected after lysis. The RNeasy mini kit (QIAGEN) was used to isolate and purify all RNA samples. RNA quantity was measured using a nanodrop (Thermo Scientific), and cDNA was synthesized using the same quantity of RNA for all samples (250ng for microglia samples, 500 ng for retina and brain lysate). After cDNA synthesis, qPCR reactions were assembled for the gene of interest and a housekeeping gene (Sirpa and Gapdh) using 0.5 mL of cDNA per reaction and samples were run on the Rotogene qPCR machine (QIAGEN). Expression levels were compared using the ddCt method normalized to GAPDH. All samples were normalized to one representative P5 sample and only male mice were used for whole brain, retina, and microglia isolation.
Microglia density quantification
For quantifying microglia cell density, 2 medial dLGN were imaged per animal (n = 3 per genotype). To capture the entire dLGN, a 10X field was acquired. Microglia were subsequently counted in each 10X field. To calculate the density of microglia, the area of the dLGN was measured using ImageJ software (NIH). All analyses were performed blind to genotype and littermates were sex matched whenever possible.
SIM Imaging
Sections were imaged using a Zeiss ELYRA PS1 microscope with a 100X objective to obtain fluorescence micrographs with a lateral resolution of 80-100nm and an axial resolution of 200nm. For each field of view, a 3 mm stack was imaged using a 0.101 mm z-step at 100X. 3D-structured illumination images of the dLGN were generated using Zeiss SIM algorithms (images can appear slightly saturated because the demodulation algorithm used to reconstruct the image lacks a means of converting the raw detected signal into photon counts).
Synapse Quantification
A modified version of the protocol outlined in Hong et al. (2016) was employed. Briefly, 14 mm sections stained with appropriate synaptic markers were imaged with a Zeiss LSM 700 confocal microscope. Four independent fields of view in the dLGN (101.6 mm 2 ) were then captured at 63X, two in the ipsilateral and two in the contralateral territories of the core dLGN, and for each field a 3 mm z stack comprised of 1 mm z-steps was imaged. ImageJ software was subsequently used to quantify the number of colocalized pre-and postsynaptic puncta in each z-plane (12 images total for each animal) and these were then averaged to generate a per field number for either RGC or cortico-thalamic synapses depending on the synaptic markers used. Imaging and analysis were performed blind to genotype.
CD47 colocalization with RGC synaptic markers
Fourteen micron sections of P5 WT dLGN were stained with antibodies to CD47, Vglut2, and Homer1, and structured illumination images (SIM) were captured using a Zeiss ELYRA PS1 microscope. For each animal, 4 independent fields of view in the core region of the dLGN were imaged (two in the contralateral and two in the ipsilateral region of the dLGN). To quantify the number of RGC synapses colocalized with CD47, SIM-processed image files were opened in Imaris and spot channels were generated for CD47, Hom-er1, and Vglut2 puncta using dimensions determined empirically from averaged measurements. A MATLAB plugin (MathWorks) was first used to subtract VLGUT2 and Homer1 spots that were not within 300nm of each other (300nm between the center of each spot), leaving only closely associated Vglut2 and Homer1 spots that represent RGC synapses (a distance selected based on previous published ultrastructural studies that have demonstrated the size of the synaptic cleft and the presynaptic bouton). Subsequently, CD47 spots that were not within 300nm of an RGC synapse (Vglut2 + Homer1) were subtracted from the image, leaving only those considered to be colocalized with an RGC synapse. The number of colocalized spots (Vglut2 + Homer1 + CD47) was subsequently normalized to the total number of RGC synapses in the field (Vglut2 + Homer1) to determine the percent of retinogeniculate synapses that colocalized with CD47. As a control, analysis was also performed on images in which the CD47 image was rotated 90 degrees relative to the Homer1 and Vglut2 images.
In Vitro Engulfment Assay Microglia were isolated as described above from P5 SIRPaKO and WT littermates, and plated with 25,000 cells per coverslip on 12 mm diameter coverslips coated with PDL. Cells were grown in DMEM/F-12, GlutaMAX with 10% FBS, 1X penicillin-streptomycin, and 20 ng/ml M-CSF (R&D Systems, 416-ML-010). On DIV3, 0.017 mg of CD47WT or KO pHrodo-conjugated synaptosomes (see below) were added to each well of cultured microglia, so that all four conditions (SIRPaKO or WT microglia treated with CD47KO or WT synaptosomes) were included each time the experiment was performed. After 1 hr of incubation with synaptosomes, cells were washed 2X in warm (37 C) PBS and fixed in warm 4%PFA for 20-30 min. After fixation, cells were washed in PBS, then blocked and permeabilized for 1 hr at RT in 5% BSA and 0.2% TX-100. Primary antibody staining occurred overnight in block solution at 4 C and was followed the next day by washing in PBS and secondary antibody staining in block solution for 1.5-2 hr at RT. Coverslips were mounted on slides in Vectashield with DAPI and imaged on an UltraView Vox spinning disk confocal microscope using a 60X objective with a z-step of 0.4 mm. Cells were selected for imaging using the DAPI channel, to collect cells growing in similar densities across all conditions and avoid pyknotic nuclei. Additionally, cells with abnormally large nuclei were not imaged, as they were generally Iba-1-negative and presumed to be contaminating cells. Five fields of view were collected from each coverslip, resulting in 10 to 20 fields of view for each condition for each experiment. Engulfment was analyzed by manually thresholding the maximum intensity projection of the Iba-1 channel and the maximum intensity projection of the pHrodo channel, and determining the fraction of the Iba-1 area that was covered by the pHrodo area. Although the fixation of the cultures reduces the fluorescence of pHrodo, its fluorescence could clearly be differentiated from background signal in the fixed cultures. The thresholded pHrodo signal overlapping with the thresholded Iba-1 signal was confirmed to be inside the volume of the Iba-1-positive cells by scrolling through the z stack. Engulfment analysis was performed blind to the genotype of the microglia and the synaptosomes. The protocol described above was then adapted for the mixed synaptosome experiments. Microglia were purified as above and grown at the same density, but on glass bottom TC treated 24 well dishes (Eppendorf, 0030741021), that were coated with PDL as above. Cells were only plated on the glass bottom part of the dishes, and the number of cells plated per well was correspondingly reduced to keep the density of cells the same as above. CD47KO or WT synaptosomes were conjugated to pHrodo red or pHrodo green dyes (see below). An equal amount of red and green labeled syanptosomes were then mixed and 0.017 mg of total synaptosomes was added to each well of cultured microglia. In half of the experiments, the combination of Green CD47KO and Red WT synaptosomes was used, in the other half, the combination of Red CD47KO and Green WT synaptosomes was used. After 1 hr of incubation with synaptosomes, cells were washed 2X in warm (37 C) PBS. Cells were then stained live for 15 min at 37 C with Hoechst 33342 (Thermo Fisher Scientific, H3570, 1:1000) and an antibody to CX3CR1 conjugated to Alexa Fluor 647 (BioLegend, 149004, 1:100). Cells were imaged live in Hibernate E medium (Thermo Fisher Scientific, A1247601) on an UltraView Vox spinning disk confocal microscope using a 60X objective with a z-step of 0.4 mm, with CX3CR1 used in the place of Iba-1. The imaging had to be performed live as the fluorescence of pHrodo green cannot be detected in fixed cells. The experiment was repeated 8 times and analysis was conducted blind to synaptosome genotype.
Flow cytometric analysis of acutely isolated microglia
Mice were euthanized and transcardially perfused with ice cold PBS. Whole brains were harvested into ice-cold FACS buffer (2% FCS, 2 mM EDTA in PBS), dounce homogenized, and passed through a 70 mm filter. Brain homogenates were centrifuged twice at 300 g to remove excess debris and myelin, and equal pelleted tissue volumes were used for subsequent staining. Live cells were stained with Fixable Viability Dye e506 (eBioscience), anti-mouse Fc Block (BD), CD45 APC-Cy7 (Biolegend), CD11b BV421 (Biolegend), and SIRPa PE (Biolegend). Cells were then fixed with IC Fixation Buffer (eBioscience) and stained with unconjugated anti-P2RY12 (Anaspec) followed by an AF488-conjugated secondary. Samples were acquired on a FACS Canto II, and data were analyzed using FlowJo software. Microglia were identified as live, single cells with a CD45 int CD11b high P2RY12 high expression profile.
Synaptosome fractionation, pHrodo labeling, and staining Synaptosomes were isolated from P30 CD47KO and WT mice using a modified version of the protocol outlined in (Ehlers et al., 1998) . Briefly, tissue was immersed in 10 volumes of HEPES-buffered sucrose (0.32 M, 5 mM HEPES, pH 7.4) and homogenized using a motor driven glass-teflon homogenizer. The resulting homogenate was spun at 800-1200 g to separate the nuclear fraction. A further spin at 15000 g was carried out to generate crude synaptosomes. These were then layered onto a discontinuous sucrose gradient and spun at 150,000 g for 2 hr. Purified synaptosomes were subsequently extracted and spun down before labeling with pHrodo or staining. Western blot analysis was used to confirm enrichment of synaptic proteins ( Figure S6A ).
For pHrodo labeling, pHrodo Red succinimidyl (NHS) ester (Life Technologies) or pHrodo Green STP ester (Life Technologies) were incubated with synaptosomes on a shaker in sodium carbonate buffer pH 9.0 for 2 hr at RT protected from light at 1 mL pHrodo/1mg synaptosomes. Unconjugated pHrodo was removed by washing synaptosomes with DPBS. pHrodo-conjugated synaptosomes were resuspended in DPBS + 5% DMSO, aliquoted, and stored at À80 C until use.
For immunostaining, purified synaptosomes were spun down at 15,000 rpm for 5 min and resuspended in a 3% paraformaldehyde solution in PBS for 20 min at RT. They were then spun again and washed in PBS before being resuspended in a PBS solution containing 30 mM NH 4 Cl for 10 min at RT. After further washing, synaptosomes were blocked in a PBS solution containing 10% NGS for 30 min at RT and then incubated with relevant primary antibodies in a PBS solution containing 5% NGS and 0.2% triton for 30 min. After 2 washes, synaptosomes were resuspended in appropriate secondary antibodies in the same buffer used for the primary antibody incubation and incubated for a further 30 min. Synaptosomes were subsequently washed a further 3X before spreading on a glass slide and being left to dry at RT. Slides were then mounted with a coverslip using Vectashield.
Retinal ganglion whole mount cell quantification RGCs were quantified by counting the number of DAPI and TUJ1 positive cells in the ganglion cell layer of whole mount retina preparations as outlined in (Miao et al., 2016; Pelzel et al., 2010) . Briefly for each retina (1 retina per animal; n = 3 mice per genotype), 12 images of peripheral retina and 8 images of central retina were collected. For each field of view collected (20 per retina), ImageJ software (NIH) was used to quantify the total number of DAPI and TUJ1-positive cells using the cell counter plugin. All analyses were performed blind to genotype.
Intraocular TTX injections and CD47 localization quantification P4 WT mice were injected with anterograde tracers CTB-594 and CTB-647 in the left and right eyes, respectively. Twenty-four hours later, mice were injected with approximately 400 nL of 0.5 mM TTX in one eye and 400 nL sterile saline in the other eye. TTX was injected into the right eye in 50% of mice and into the left eye in the other 50%, thus randomizing the color of the Alexa dye with respect to treatment condition. Any TTX that leaked out of the eye was absorbed using sterile cotton-tipped applicators. Six hours after TTX injection, mice were transcardially perfused and eyes and brains were harvested as described above for IHC. Fourteenmicron retinal sections were stained with Arc (1:500) and NeuN (1:500), and the percent of Arc-positive neurons in the RGC layer was quantified in the right and left eyes of each mouse. Quantification was performed blind to treatment condition. Mice that displayed at least a 15% reduction in the number of Arc-positive cells in the RGC layer of the TTX-injected eye were used for subsequent analysis. Animals with a smaller change, no change, or a change in the opposite direction in Arc-positive cells were discarded, as were animals in which NeuN levels varied between the two eyes, as NeuN should not be affected by TTX injection. Immunohistochemistry for CD47 was performed on 14 mm coronal brain sections containing medial dLGN from mice that showed appropriate TTX-induced decreases in Arc signal in the retina. Mice with poor CTB labeling in the dLGN were not used for analysis. To quantify the number of CTB inputs colocalizing with CD47, 3 fields of view within the ipsilateral patch and optic tract from both the right and left dLGN were imaged from each animal. SIM-processed image files were subsequently opened in Imaris and spot channels generated for CTB inputs and CD47 puncta using dimensions determined empirically from averaged measurements. A MATLAB plugin (MathWorks) was then used to display only the CTB and CD47 spots within 300 nm of each other (considered colocalized) and to quantify the number of these CTB and CD47 colocalized spots in each field. The number of colocalized spots was subsequently normalized to the total number of CTB spots in the field to determine percent of CTB inputs that colocalized with CD47. Imaging and analysis were performed blind to treatment condition.
Intraocular TTX injections and microglial engulfment analysis in CD47KO and WT mice P4 CD47KO mice and age-matched WT mice were injected with approximately 400 nL of 0.5 mM TTX in one eye and 400 nL sterile saline in the other eye. TTX was injected into the right eye in 50% of mice and into the left eye in the other 50%. Approximately 3 hr later, anterograde tracers CTB-594 and CTB-647 were injected in the left and right eyes, respectively. Twenty-four hours after CTB injection, mice were transcardially perfused and the brains were harvested as described above for IHC. Brains were sectioned on the sliding microtome and 40 mm sections were stained for Iba-1. For each animal, sections of both dLGN (left and right) were imaged, and all microglia in the ipsilateral region of the medial dLGN were captured. Mice with poor CTB labeling in the dLGN were not used for analysis. Images were acquired on a spinning disk confocal microscope at 60X with 0.2 mm z-steps (minimum 6 cells in the left and 6 cells in the right dLGN per animal). Images were processed and analyzed as described previously (Schafer et al., 2012) . Data were used to calculate percent engulfment (volume engulfed CTB/volume of the cell) and normalized to input density to control for variations in microglia location within the ipsilateral patch and CTB fill. All analysis was performed blind to treatment condition.
QUANTIFICATION AND STATISTICAL ANALYSIS
For all statistical analysis, GraphPad Prism 7 software was used. Appropriate tests were carried out to confirm the normality of our data (quantile-quantile plots of residuals and D'Agostino and Pearson/Shapiro-Wilk/Kolmogorov-Smirnov normality tests) and biostaticians were consulted to confirm the most suitable statistical test for each experiment. Analyses used include both parametric and non-parametric tests including one-way ANOVA followed by Tukey's multiple comparison test, repeated-measures ANOVA, unpaired or paired two-tailed t test, one-sample t test, Mann-Whitney and Wilcoxon-signed rank. All p values and statistical tests employed are indicated in figure legends alongside the dispersion metric and N value. N values refer to the number of animals used in each experiment except in the case of the in vitro engulfment assays in Figure 6 , where n refers to the number of independent experiments in which pHrodo conjugated synaptosomes were incubated with cultured microglia, and in the electrophysiology experiments in Figure 4 , where n refers to the number of cells from which recordings were collected. These details are indicated in the figure legends.
